Nucleic acids of Uronema nigricans, Pc, a small euryhaline hymenostome ciliate isolated from planktonic debris off the coast of Florida, were isolated and partially characterized. DNA was purified from macronuclear preparations and the final product was fibrous, contained less than 1 % protein and was essentially free of carbohydrate and RNA. The base composition, determined chromatographically, was (mol% _+ s.D.): guanine, 10.8 _+ 1.3; adenine, 41.5 L-1.2; cytosine, 9.0 L-0.6; thymine, 38.7 & 1.7. The average molecular weight based on estimates made from sedimentation rate constants determined in sucrose gradients was about 3 x lo6. The DNA exhibited a sharp thermal transition over a narrow temperature range accompanied by an increase in absorbance of 42% at 260 nm. The midpoint of thermal transition, Tm, was 77-6 "C, corresponding to a guanine + cytosine content of 20.2 mol%, a result supported by the chromatographic studies and among the lowest ever reported for a ciliate. Reassociation of heat-denatured preparations in 1 M-Na+, pH 7.0 at Tm -25 "C followed second-order kinetics for about 30% of the reaction and revealed the presence of two components, a slowly reassociating main component comprising about 96 % of the DNA and a rapidly reassociating minor component comprising about 4 % of the DNA. The molecular complexity of the main component was 2.4 x 10" and that of the minor component was about 10' . Sucrose gradient analysis of several purified RNA preparations showed three components exhibiting sedimentation coefficients of 24.8 L-1.2, 17-4 k 1.0 and 4.0 0.8 S. These values were comparable with those obtained for RNA of the freshwater ciliates Tetrahymena and Paramecium.
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I N T R O D U C T I O N
Although numerous species of marine ciliates abound in coastal waters, studies concerned with their biochemistry and molecular biology are lacking. In contrast, the freshwater ciliates Tetrahymena and Paramecium have been extensively studied because of the ease with which they can be cultured axenically. With the advent of comparatively simple media (Soldo & Merlin, 1972) which support luxurious axenic growth of a number of marine ciliates, the earlier difficulties in cultivating marine forms have now been largely overcome. We undertook an investigation of the nucleic acids of the small amicronucleate marine hymenostome, Uronema nigricans, Pc, a strain that grows particularly well in axenic culture. This paper describes the methods we used for the mass cultivation of the organism and compares some of the properties and characteristics of its nucleic acids with those of the freshwater ciliates Tetrahymena and Paramecium.
M E T H O D S
Ciliates. Uronerna nigricans, Pc, was isolated from planktonic debris taken from the Gulf Stream off the coast of South Florida. It was cultured initially in bacterized cerophyl prepared with source sea water and later placed in axenic culture (Soldo & Merlin, 1972) where it has been maintained by weekly transfer for the past 8 years. Although euryhaline. it grows optimally in sea water of density 1.010 g ml-l. Two freshwater ciliates, Tetrahymena pyriformis, GL and Paramecium octaurelia, 299 (symbiont-free), were also used. Tetrahymena pyriformis was cultivated in 2 % (w/v) Proteose peptone, 0.1 % (w/v) yeast extract, pH 7.2 prepared in doubledistilled water. Paramecium octaurelia was grown axenically by the procedures of Soldo et al. (1966) .
Preparation of the culture medium for U. nigricans. To prepare 1 litre of cultivation medium: 200 mg each of asolectin (Associated Concentrates, 32-30 6 1st St, Woodside, L.I., N.Y., U.S.A.), kephalin (Calbiochem) and Tween 80 (Nutritional Biochemicals) were dissolved in 50 ml distilled water at 80 "C with constant stirring; 10 g Proteose peptone (Difco), 10 g Trypticase (BBL), 1.0 g yeast nucleic acid, grade C (Calbiochem) and 1.0 ml of a vitamin mixture (see below) were dissolved in 400 ml distilled water. The two solutions were combined and diluted to 500 ml with distilled water. Then 500 ml Instant Sea Water (ISW, see below), density 1.020 g ml-l, was added to bring the final density to 1.010g ml-I and the pH was adjusted to 7.2. The medium was sterilized at 121 "C for 15 min. The vitamin mixture was prepared in 100 ml distilled water by suspending, with constant stirring (mg): biotin, 0.01 ; calcium pantothenate, 100; folic acid, 50; nicotinamide, 50; pyridoxal. HC1, 50; riboflavin, 50; thiamin. HC1, 150; DL-thioctic acid, 1 .O. The mixture was flushed with N, and stored in small quantities at -20 OC. Under the conditions described, not all the components of the mixture were soluble. Therefore, to ensure uniform distribution, it was necessary to remove samples from the thawed mixtures only under constant stirring. ISW was prepared by dissolving 1 lb (454 g) Aquamarine salts (Aquatrol, 237-1 1 N. Euclid St, Anaheim, Calif., U.S.A.) in 12 1 distilled water and stirring for 1 h at room temperature. Following filtration through glass wool to remove insoluble materials, the solution was diluted with water to a density of 1.020 g ml-' determined by hydrometer.
Maintenance of stock cultures and mass cultivation procedures. Stock cultures of U. nigricans, Pc were maintained in 5.0 ml medium contained in 16 x 125 mm culture tubes, equipped with fingerless stainless steel closures, by transferring 2 drops (approx. 50 pl) of the culture to fresh medium weekly. The tubes were incubated in an upright position in the dark at 27 "C. Mass cultures were prepared by transferring 7-d-old stock cultures to 500 ml fresh medium contained in 4 1 Fernbach flasks and incubated at 27 OC for 6 d. The animals were harvested in three ways: (1) with a de Lava1 cream separator-type centrifuge; (2) by the method of Soldo & Van Wagtendonk (1967) ; (3) batchwise in conical 125 ml centrifuge bottles. Animals were sedimented by centrifuging at 1000 g for 5 min at 15 to 20 "C and the supernate was removed by aspiration. They were washed in 20 to 30vol. ISW, density 1.010g ml-l, and pelleted again by centrifugation. The protozoa appeared to suffer no ill effects when processed at temperatures ranging from 15 to 20 "C. However, concentrated suspensions held at 4 "C for extended periods often suffered rupture and eventual lysis.
Isolation and purification of macronuclei. Macronuclei were isolated from 6-d-old cultures by a modification of the method described by Gorovsky (1970) . Packed cells were suspended in 40 vol. 4 % (w/v) gum arabic (Fisher Scientific Co., 50 Fadem Rd, Springfield, N.J., U.S.A.), 0.008 M-CaCl,, 0.5 M-sucrose, pH 6.75 and 0.65% (v/v) octyl alcohol and homogenized in a Waring blender at 4 "C until breakage was complete as judged by phase contrast microscopy. The macronuclear pellet was recovered by centrifugation at 5000 g for 30 min at 4 "C.
Extraction and purification of DNA from macronuclear preparations. DNA was extracted from freshly prepared macronuclear pellets as described by Soldo & Godoy (1972) . CsCl gradient centrifugation. Highly purified DNA from macronuclear pellets was dissolved in 5.0 ml CsCl containing 1 M-NaCl, pH 7.0 (density 1.700 g ml-') and centrifuged for 19 h at 55000 rev. min-l at 20 OC in the Spinco rotor Vi-65. Forty fractions were collected dropwise, in calibrated vials, by puncturing the bottom of the tube with a 19 gauge needle. Each fraction was diluted with 1 M-NaCl and the A Thermal transition profile. In general the procedures outlined by Mandel & Marmur (1968) were followed. DNA samples (3.0 ml; 30 pg ml-' in 0.15 M-NaC1,0.015 M-sodium citrate, pH 7.0) were heated slowly (0.5 "C min-' during melting) in quartz cuvettes and the increase in A,,, was followed in a Beckman DK-2A spectrophotometer.
Reassociation kinetics and molecular complexity. Reassociation kinetics of sheared DNA preparations were determined by the procedures described by Wetmur & Davidson (1968) . DNA (30 pg ml-I in 1 M-NaCl, pH 7.0) was sheared by sonication using a microprobe of a Branson model S-125 sonifier for 60 s at 4 OC. The DNA samples were heated at 100 "C for 10 min in quartz cuvettes and rapidly quenched in ice. The cooled samples were quickly brought to T, -25 OC by immersion in a boiling water bath ( T , is the midpoint of thermal transition) and the reassociation was followed by the decrease in A,,,. Alkaline sedimentation coefficients were determined by the procedures outlined by Studier (1965) using sucrose gradients calibrated by methods described by Martin & Ames (196 1) .
Isolation and purification of RNA. RNA was extracted from whole cells using minor modifications of the procedure originally described by Kirby (1965) . Freshly harvested animals were chilled in an ice bath and quickly suspended in 10 pellet vol. of ice-cold 0-5 % (w/v) 1,Snaphthalene disulphonate in 0.15 M-sodium acetate, pH 6.5. An equal volume of freshly distilled phenol/water (9 : 1, v/v) containing 0.1 % (w/v) 8-hydroxywas recorded.
Nucleic acids of Uronema nigricans 26 1 quinoline was added and the mixture was stirred slowly in an ice bath for 30 min. The mixture was centrifuged at 10000 g for 20 min at 4 O C . The aqueous layer was removed and the interface was washed once with 5 ml 0.5 % (w/v) 1,5-naphthalene disulphonate in 0-15 M-sodium acetate, pH 6.5. Following centrifugation of the wash solution at 10000 g for 10 rnin at 4 O C , the aqueous layers were combined and centrifuged at 10000 g for 1Omin at 4 "C to clarify the extract. Then 2 vol. of ice-cold absolute ethanol was added and the mixture was kept at -20 "C for 2 h or overnight. The RNA precipitate was collected by centrifugation at 1000 g for 10 min at 4 "C, and dissolved in 2 to 3 ml 0.15 M-sodium acetate containing 500 pg bentonite ml-'. The concentration of u.v.-absorbing material was adjusted to 50 to 60 A,,, units ml-' and the solutions were stored at -20 O C .
Fractionation of RNA on sucrose gradients. RNA preparations were thawed in an ice bath, clarified by centrifu-gation at 500 g for 5 min at 4 " C , and 2.0 ml portions were layered over 28 ml 5 to 25% (w/v) sucrose gradients prepared in 0.15 M-sodium acetate, pH 6.5 in 1 x 3 inch cellulose nitrate Spinco tubes with the aid of a gradient-making device (Buchler Instruments, 1327 16th Street, Fort Lee, N.J., U.S.A.). The gradients were centrifuged in the Spinco SW25 rotor at 24500 rev. min-' for 18 h at 4 " C . The precise time of centrifugation was calculated from odometer readings taken before and after each run. One ml fractions were collected after piercing the bottom of the tube. The absorbance value of each fraction were plotted against the fraction number. Sedimentation coefficients for the RNA molecules were estimated from sucrose gradients calibrated by the method of Martin & Ames (1961) using tables published by McEwen (1967) . Fractions from each molecular species were pooled and the RNA was precipitated by the addition of 2 vol. absolute ethanol. To ensure complete precipitation the samples were kept at -20 "C overnight. Each precipitate was dissolved in 2.0 ml 0.15 M-sodium acetate, pH 6.5 and purified further by a second run on a sucrose gradient. The final preparations were lyophilized and the resulting powders were stored dry.
Base composition of DNA and RNA. DNA and RNA preparations were analysed for base composition by hydrolysing the samples to the free bases with perchloric and/or formic acid followed by paper chromatography using techniques described by Bendich (1957) .
Chemicalprocedures. For determination of the DNA, RNA and protein content, whole cells taken from the exponential growth phase were fractionated by procedures already described (Soldo et al., 1970) . After precipitation of the cells with cold 5 % (w/v) trichloroacetic acid and removal of alcohol-and ether-soluble materials, the nucleic acids were extracted into hot 10% (w/v) trichloroacetic acid and analysed for DNA by the diphenylamine method of Dische (1930) and RNA by the orcinol procedure (Ogur & Rosen, 1950) . The residue was solubilized in 0.1 M-NaOH overnight at room temperature and the protein in the solubilized extract was measured by the Lowry method. Carbohydrate was determined by the anthrone procedure (Koehler, 1952) .
Size of the ciliates. A small drop of animal suspension on a slide was fixed by brief (5 to 10 s) exposure to OsO, vapour. The width and length of 25 animals selected at random was measured with the aid of an eyepiece graticule in a phase contrast microscope (s.D. = k 12%).
R E S U L T S A N D D I S C U S S I O N
Uronema nigricans, cultured at a surface to volume ratio of 0.6 cm2 ml-l in 500 ml batches for 6 d in the dark at 27 OC yielded population densities ranging from 1-0 x lo6 to 1-6 x lo6 ml-l. The average volume of packed cells from 1 litre culture was about 2 to 3 ml.
Values for the DNA, RNA and protein content of U. nigricans, Pc were significantly lower than those obtained for Tetrahymena pyriformis and Paramecium octaurelia and appeared to reflect differences in the size of these forms (Table 1) .
As judged by phase contrast microscopy, macronuclear pellets prepared as described in Methods were essentially free of cilia, mitochondria, pellicular fragments and other subcellular debris, but contained significant numbers of highly refractile bodies. These bodies, which appear to be excretory in nature, have been shown to contain an abundance of the purines hypoxanthine and guanine (Soldo et al., 1978) . Because these substances were subsequently removed and did not interfere with the extraction and purification of the DNA, no effort was made to purify the macronuclear preparations further.
DNA isolated and purified from macronuclear preparations was fibrous, contained less than 1 % protein, was essentially free of carbohydrate and RNA and showed a single peak in a CsCl gradient (Fig. 1) . The average molecular weight of native preparations estimated by sedimentation in calibrated sucrose gradients using formulae described by Studier ( 1965) was 3 x lo6 to 4 x lo6. Similar measurements in alkaline sucrose gradients revealed a single-stranded molecular weight of about 0.5 x lo6 indicating that the preparations were significantly 'nicked' during isolation and purification. This is not unexpected since ciliates A . T . SOLDO, E . J. M E R L I N A N D G . Tube no. possess high levels of nuclease activity (Soldo & Godoy, 1975) . The absorption spectra of typical DNA preparations showed absorbance ratios of A,,,,,,, = 0.5 1 and A,,,,,,, = 0.38. These values are comparable with those for other native duplex DNAs (Stone & Bradley, 1961) . When heated slowly in 0.15 M-NaCl, 0.015 M-sodium citrate, pH 7.0, U. nigricans macronuclear DNA exhibited a sharp thermal transition over a narrow temperature range, accompanied by a relative absorbance of 1.42 (Fig. 2) . The midpoint of the thermal transition (T,) was 77.6 "C, corresponding to a guanine plus cytosine (G + C) content of 20.2 mol%, which is in good agreement with the value of 19.8 mol% obtained chromatographically (Table 2 ). The G + C content (20 mol%) is among the lowest ever reported for a eukaryotic nuclear DNA and suggests that relatively long (and/or frequent) stretches of AT sequences may characterize this DNA. The G + C content of T.pyriformis DNA (26 mol %) determined in this study is in good agreement with reported values (Flavell & Jones, 1970) .
A . G O D O Y
The G + C content of the macronuclear DNA of P. octaurelia stock 299 was 29 mol%. The sharp thermal transition and the agreement of values for the G + C content of macronuclear DNA of U. nigricans obtained from both the T,,, and chromatographic results suggest that the macronuclear DNA of U. nigricans is a native duplex and probably does not contain significant amounts of unusual or substituted bases. These observations agree with results obtained from holotrichous ciliates such as T. pyriformis and P. octaurelia. They are in sharp contrast with the properties of hypotrichous ciliates such as Stylonychia and Oxytricha (Ammermann et aE., 1974; Rae & Spear, 1978) in which significant differences have been noted in the G + C content of their macronuclear DNA determined chemically and by thermal transition. Not all of these discrepancies can be accounted for by the presence of significant amounts of substituted bases in the DNA structure (Rae & Spear, 1978) . Reassociation of macronuclear DNA of U. nigricans revealed two components, a slowly reassociating main component and a rapidly reassociating minor one (Fig. 3) . The main component comprised about 96% of the DNA. Its rate constant (k,) calculated from the initial rate of the reaction was 0.125 1 mol-l s-l. Since the reassociation of the minor component is the sum of the reassociation of both the main and minor components, it was necessary to subtract the contribution of the main component from the minor one (Wells & Birnstiel, 1969) . The resulting calculated value for the rate constant of the rapidly reassociating minor component was 270 1 mol-' s-l.
Estimates of the molecular complexity were made using the equation of Wetmur & Davidson (1968) : ND = [(S!C+,?)~*~~ x 5 -5 x 1081/k,, where ND is the molecular complexity, s!j'tk3 is the alkaline sedimentation coefficient, and k, is the renaturation rate constant in 1 mol-' s-l. In order to determine the molecular complexity most accurately, it is necessary to shear the DNA to a small size to minimize non-specific reassociation of the longer native molecules. This was accomplished by sonicating the DNA, thereby reducing the size of the DNA to a single-stranded molecular weight of about 150 000. This corresponds to an alkaline sedimentation coefficient of about 6.2 (Studier, 1965) . Values for molecular complexity adjusted to (S!:+?)~'~~ = 10.0 are shown in Table 3 . It has been shown that the rate of reassociation is affected by the G + C content of the DNA and must be corrected for * Observed values calculated relative to bacteriophage T, (G + C) content = 34 mol %.
The correction factor applied was 1-8 % of the observed value for the molecular this effect. complexity for every mol% difference in G + C content from 51 mol% G + C (Seidler & Mandel, 1971) . Therefore, we estimate that the molecular complexity of the main component of U. nigricans DNA is 2.4 x 1Olo and of the minor one is 1.0 x lo7 ( Table 4) . These values are compared with those obtained for the nuclear DNA of the freshwater ciliates T. pyriformis and P. octaurelia in Table 5 . The molecular complexity of the main component of U. nigricans DNA was somewhat lower than those reported for these freshwater ciliates and was comparable to values reported for certain yeasts and plant DNAs (Retel & Planta, 1968) . It was only 10 times greater than the value obtained for the molecular complexity of the bacterium Escherichia coli (Bak et al., 1970) . The minor component probably represents DNA which codes for ribosomal RNA. Minor DNA components have been observed in nuclear preparations of both T. pyriformis (Flavell & Jones, 1970) and P. octaurelia (Soldo & Godoy, 1972 Nucleic acids of Uronema nigricans 24-88 17-4s 4.0s 1972). It cannot be determined from an analysis of kinetic data alone whether the minor component exists as a discrete DNA species, as has been shown for Tetrahymena DNA (Pearlman et al., 1979) , or whether it is an integral part of the nuclear DNA itself. The DNA content of each cell of U. nigricans was 5.2pg (Table 1) . Non-synchronous exponential phase cells contain about 1-4 times the amount of DNA found in stationary phase cells (Cairns, 1963) . If we assume that about 10% of the DNA of U. nigricans is non-nuclear in origin, we can estimate the amount of nuclear DNA present in each cell to be 3.3 pg. This corresponds to an analytical complexity of 19.9 x 10". Therefore, there are about 75 to 80 haploid or 38 to 40 diploid copies of the main component and about 3800 to 4000 diploid copies of the minor one. These values must be considered a first approximation since it has been shown that the DNA content of the nuclear material of other ciliates is highly variable (Berger, 1979; Doerder, 1979) . Moreover, it is not known whether chromosomes, as they exist in higher eukaryotes, are present in the nucleus of this marine form. Little can be deduced from the kinetic data about the arrangement of the DNA within the nucleus of U. nigricans. However, we may conclude that the macronuclear genome of U. nigricans contains about 40 diploid copies of a DNA component of unique sequence whose molecular complexity is 2-4 x 1Olo and about 4000 diploid copies of a minor component whose molecular complexity is about 10'. Sucrose gradient analysis of several RNA preparations of U. nigricans showed three components with sedimentation coefficients of 24.8 1.0 and 4.0 & 0.8 S. A typical run is illustrated in Fig. 4 . The values for whole cell RNA of 25s and 17s are 1.2, 17-4 similar to those found for the freshwater ciliates Tetrahymena (Kumar, 1969) and Paramecium (Reisner et al., 1968) and are comparable to values obtained for ribosomlil RNA of plants (Click & Hackett, 1966) . Values for the base composition of the 25s and 17s species of the RNA of U. nigricans are shown in Table 6 . The observed value for the G + C content of the 25s component of U. nigricans was 47 mol%, and for the 17s component the value was 43 mol%. Comparable values were obtained for the corresponding RNA components of 7'. pyrforrnis and P. octaurelia. The G + C content of the 2 8 s component of RNA extracted from various tissues of the rat was 65 mol%, and the G + C content of the 18s component was 56% (Hirsch, 1966) . On the other hand, the G + C content of whole RNA of E. coli was about 55 mol% (Kumar, 1969) . Thus, the base composition of U. nigricans RNA, while similar to that of the freshwater ciliates Tetrahymena and Paramecium, was lower than those reported for both mammalian and bacterial RNAs.
